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(57) ABSTRACT

Disclosed is a polyimide film prepared from an aromatic
tetracarboxylic acid component and an aromatic diamine
component, which has a dimensional change from 25° C. to
500° C. within a range of from -0.3% to +0.6% based on the
initial dimension at 25° C. The polyimide film may be used as
a substrate for a CIS solar cell.

6 Claims, 1 Drawing Sheet
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AROMATIC POLYIMIDE FILM, LAMINATE
AND SOLAR CELL

This application is the U.S. National Phase under 35 U.S.C.
§371 of International Application PCT/JP2009/059290, filed
May 20, 2009, designating the U.S., and published in Japa-
nese as W02009/142248 on Nov. 26, 2009, which claims
priority to Japanese Patent Application No. 2008-132569,
filed May 20, 2008, the entire contents of which are incorpo-
rated herein by reference.

TECHNICAL FIELD

The present invention relates to a polyimide film having
extremely high heat resistance and dimensional stability,
which is capable of withstanding a heat treatment at a tem-
perature equal to or higher than 500° C., and therefore may be
suitably used as a substrate for a CIS solar cell, in particular.
The present invention also relates to a laminate comprising
the polyimide film, and a CIS solar cell having high conver-
sion efficiency.

BACKGROUND ART

In recent years, a solar cell (CIS solar cell) comprising a
chalcopyrite semiconductor layer such as a layer of CulnSe,
and a solid solution of Ga in CulnSe,, i.e. Cu(In,Ga)Se,
attracts considerable attention as a solar cell having high
photoelectric conversion efficiency. A CIS solar cell gener-
ally comprises a substrate, a back electrode layer, a chalcopy-
rite semiconductor layer as a light absorbing layer, a buffer
layer, a transparent electrode layer, and an extraction elec-
trode in that order.

Conventionally, glass (soda-lime glass) is used as a sub-
strate for a CIS solar cell, and molybdenum (Mo) is used as a
back electrode formed thereon. In addition, a CIS solar cell
comprising a flexible film as a substrate has been proposed
(See Patent Document 1, for example). As compared with a
conventional solar cell comprising a glass substrate, a solar
cell comprising a flexible substrate is expected to find wide-
spread application in view of its flexibility and light-weight.
Another advantage of a flexible substrate is that a solar cell
may be produced in a roll-to-roll process, which is suitable for
mass production.

However, a CIS solar cell comprising a flexible substrate
such as a polyimide substrate is apt to have lower conversion
efficiency than a CIS solar cell comprising a glass substrate.
This is because even a polyimide, which is known as a heat-
resistant resin, may withstand a temperature of about 450° C.
at the highest and may not be heated at a temperature equal to
orhigher than450° C., while a heat treatment at a temperature
equal to or higher than 450° C., preferably at a temperature
equal to or higher than 500° C., is required for the formation
of a high-quality CIS semiconductor thin film having low
defect density.

Patent Document 2 discloses a process for producing a CIS
solar cell comprising a polyimide substrate and having high
conversion efficiency, which comprises steps of:

forming an electrode film on a polyimide substrate;

forming a thin film containing Cu, and Inand/or Ga, and Se
and/or S on or over the electrode film (in other words, directly
or indirectly on the electrode film); and

rapidly heating the thin film to a temperature equal to or
higher than 450° C., preferably from 500° C. to 600° C., and
maintaining the thin film at the temperature for 10 sec to 300
sec, thereby forming a chalcopyrite semiconductor film.
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Patent Document 2 also discloses a process for producing
a CIS solar cell, which comprises steps of:

forming an electrode film on a polyimide substrate;

forming a thin film containing Cu, and In and/or Ga on or
over the electrode film; and

rapidly heating the thin film to a temperature equal to or
higher than 450° C., preferably from 500° C. to 600° C., and
maintaining the thin film at the temperature for 10 sec to 300
sec in an atmosphere containing Se and/or S, thereby forming
a chalcopyrite semiconductor film.

In these processes, the step of forming a thin film which is
aprecursor of a semiconductor film and the step ofheating the
precursor thin film are separately performed, rapid heating is
performed in the step of heating the precursor thin film for
crystal growth, and therefore a heat treatment at a temperature
equal to or higher than 500° C. is performed in a shorter
period of time so that a chalcopyrite semiconductor thin film
suitable for a light absorbing layer of a solar cell may be
prepared. In these processes, however, a heat treatment at a
high temperature is still required, even though the heat treat-
ment is performed in a short period of time; therefore the
curling of the polyimide substrate and cracks in the electrode
film and/or the semiconductor film may occur when using a
conventional polyimide film.

Patent Document 3 discloses a solar cell comprising a
substrate film, and a laminate comprising at least an electrode
layer and a chalcopyrite semiconductor thin film which is
formed on the substrate film, wherein the substrate film is a
polyimide film prepared by the polycondensation of an aro-
matic diamine and an aromatic tetracarboxylic dianhydride,
which has a thickness within a range of from 3 pm to 200 um,
an average coefficient of thermal expansion up to 300° C.
within a range of from 1 ppn/° C.to 10 ppn/° C., and atensile
strength at break in the length direction 0f 300 MPa or higher.
Patent Document 3 also discloses that a preferable substrate
film is a polyimide-benzoxazole film prepared by the poly-
condensation of an aromatic diamine having a benzoxazole
structure and an aromatic tetracarboxylic dianhydride. In
Example 8, a CIS solar cell comprising a polyimide film as a
substrate, which is prepared from 3,3',4,4'-biphenyltetracar-
boxylic dianhydride and p-phenylenediamine by thermal imi-
dization, is disclosed. However, although the dimensional
change up to 300° C. in a temperature-increasing step is taken
into consideration, the dimensional change at elevated tem-
peratures (up to 500° C. or higher) and in a temperature-
decreasing step is not taken into consideration. The polyimide
film disclosed in Patent Document 3 may not have adequate
properties as a substrate for a CIS solar cell.

CITATION LIST
Patent Document

Patent Document 1: WO 98/50962 Al
Patent Document 2: JP-A-2003-179238
Patent Document 3: JP-A-2007-317834

SUMMARY OF INVENTION
Problems to be Solved by the Invention

An object of the present invention is to provide a polyimide
film for realizing a flexible CIS solar cell having high con-
version efficiency; specifically a polyimide film having
extremely high heat resistance and dimensional stability,
which is capable of withstanding a heat treatment at a tem-
perature equal to or higher than 500° C. Another object of the
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present invention is to provide a laminate comprising the
polyimide film and a conductive layer, which is formed on or
over the polyimide film and is to be used as an electrode in a
CIS solar cell.

Means for Solving the Problems

From a thorough study, the inventors have found that the
reduced difference in dimensional change between a polyim-
ide film and a metal layer in the whole process including not
only a temperature-increasing step but also a temperature-
decreasing step may prevent cracks in a metal layer, delami-
nation of a metal layer from a substrate and curling of a
substrate caused by a high-temperature process, and arrived
at the present invention.

The present invention relates to the following items.

[1] A polyimide film prepared from an aromatic tetracar-
boxylic acid component and an aromatic diamine component,
wherein the polyimide film has a dimensional change from
25° C. to 500° C. within a range of from -0.3% to +0.6%
based on the initial dimension at 25° C.

[2] The polyimide film according to the above [1], wherein
the polyimide film has a weight loss after heat treatment at
500° C. for 20 min within a range of from 0 wt % to 1 wt %.

[3] The polyimide film according to any one of the above
[1] to [2], wherein the polyimide film has a coefficient of
thermal expansion from 25° C. to 500° C. within a range of
from 1 ppm/® C. to 10 ppm/° C.

[4] The polyimide film according to any one of the above
[1] to [3], wherein the polyimide film is prepared from an
aromatic tetracarboxylic acid component comprising 3,34,
4'-biphenyltetracarboxylic dianhydride as a main component
and an aromatic diamine component comprising p-phe-
nylenediamine as a main component.

[5] The polyimide film according to any one of the above
[1] to [4], wherein the polyimide film has a thickness within
a range of from 5 um to 100 um.

[6] A process for producing a polyimide film according to
any one of the above [1] to [5], comprising a step of:

heating a polyimide film, which is prepared from an aro-
matic tetracarboxylic acid component and an aromatic
diamine component, at a temperature of 500° C. or higher in
a substantially unstressed state.

[7] A process for producing a polyimide film according to
any one of the above [1] to [5], comprising steps of:

providing a solution of a polyimide precursor prepared
from an aromatic tetracarboxylic acid component and an
aromatic diamine component;

flow-casting the polyimide precursor solution on a support,
followed by heating, thereby preparing a self-supporting film
of a polyimide precursor solution;

imidizing the self-supporting film, thereby preparing a
polyimide film; and

heating the polyimide film at a temperature of 500° C. or
higher in a substantially unstressed state.

[8] The process for producing a polyimide film according
to any one of the above [6] to [7], wherein a polyimide film
which has a coefficient of thermal expansion from 25° C. to
500° C. within a range of from 1 ppm/°® C. to 10 ppm/°® C. is
prepared from an aromatic tetracarboxylic acid component
comprising 3,3',4,4'-biphenyltetracarboxylic dianhydride as
a main component and an aromatic diamine component com-
prising p-phenylenediamine as a main component by chemi-
cal imidization; or alternatively, by thermal imidization after
or while stretching a self-supporting film of a polyimide
precursor solution; and the polyimide film is heated in the step
of heating the polyimide film.
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[9] The process for producing a polyimide film according
to any one of the above [6] to [8], wherein in the step of
heating the polyimide film, the polyimide film is heated at a
temperature of from 500° C. to 550° C. for 30 sec to 10 min in
a substantially unstressed state.

[10] A laminate comprising a polyimide film according to
any one of the above [1] to [5], and a metal layer which is
formed on or over the polyimide film.

[11] The laminate according to the above [ 10], wherein the
metal layer comprises molybdenum.

[12] The laminate according to any one of the above [10] to
[11], wherein the metal layer is formed by sputtering or vapor
deposition.

[13] A CIS solar cell comprising a polyimide film accord-
ing to any one ofthe above [1]to [5] as a substrate, and further
comprising at least a conductive metal layer and a chalcopy-
rite semiconductor layer on or over the substrate.

[14] Use of a polyimide film according to any one of the
above [1] to [5] or a laminate according to any one of the
above [10] to [12] for the production of a CIS solar cell.

The maximum value and the minimum value of the dimen-
sional change from 25° C. to 500° C., preferably in the direc-
tions of both MD and TD, is preferably within a range of from
-0.3% to +0.6%, more preferably from -0.2% to +0.6%,
particularly preferably from 0% to +0.6%, based on the initial
dimension at 25° C.

The term “dimensional change from 25° C. to 500° C.” as
used herein refers to a maximum value and a minimum value
of the percentage of dimensional change of a polyimide film
of interest relative to the initial value (dimension at 25° C.
before heat treatment) both in the MD direction (in the con-
tinuous film-forming direction (machine direction); in the
length direction) and in the TD direction (in the direction
perpendicular to the MD direction; in the width direction) at
each temperature in the temperature-increasing step of from
25° C. 10 500° C. and the subsequent temperature-decreasing
step of from 500° C. to 25° C., which is measured by a
thermo-mechanical analyzer (TMA) under the following
conditions.

Measurement mode: Tensile mode, load: 2 g,

Sample length: 15 mm,

Sample width: 4 mm,

Temperature-increasing start temperature: 25° C.,

Temperature-increasing end temperature: 500° C.

(No holding time at 500° C.),

Temperature-decreasing end temperature: 25° C.,

Temperature-increasing and -decreasing rate: 20° C./min,

Measurement atmosphere: Nitrogen.

Accordingly, the term “the dimensional change from 25°
C. to 500° C. is within a range of from -0.3% to +0.6%”
means that the dimensional change in the directions of both
MD and TD is always within a range of from —-0.3% to +0.6%
in the temperature-increasing step of from 25° C. to 500° C.
and the subsequent temperature-decreasing step of from 500°
C.t025° C.

The dimensional change is defined by the following for-
mula (1).

Herein, the maximum value (%) of the dimensional change
may be calculated from the formula (1) in which L is the
maximum dimension in the temperature-increasing step and
the subsequent temperature-decreasing step. The minimum
value (%) of the dimensional change may be calculated from
the formula (1) in which L is the minimum dimension in the
temperature-decreasing step.

Dimensional change (%)=(L—L)/Lyx100 (€8]
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wherein [ represents the length at a measurement tempera-
ture, and L, represents the length at 25° C. before heat treat-
ment.

The weight loss after heat treatment at 500° C. for 20 min
is calculated from the following formula (2). For the deter-
mination, a polyimide film of interest is heated from room
temperature to 500° C. at a rate of 50° C./min, and the weight
of'the polyimide film is measured immediately after reaching
500° C., and the weight is measured again after maintaining
the film at 500° C. for 20 min.

Weight loss (%o )=(Wo—W)/Wx100 2)

wherein W, represents the weight immediately after reach-
ing 500° C., and W represents the weight after maintaining
the film at 500° C. for 20 min.

A volatile component such as water and a residual solvent
volatilizes before reaching 500° C. Accordingly, the weight
loss is an index of the decomposition/thermal degradation of
the polyimide. A greater weight loss indicates a greater deg-
radation.

The term “coefficient of thermal expansion from 25° C. to
500° C.” as used herein is an average coefficient of thermal
expansion in the directions of MD and TD, which is calcu-
lated by the following formula (3) from the dimensional
change in the directions of MD and TD in the temperature-
increasing step for the determination of dimensional change
from 25° C. to 500° C. as described above.

Coefficient of thermal expansion (ppm/°® C.)=(L-L)/

{Lox(T-T)}x108 3)

wherein L represents the length at 500° C., L, represents
the length at 25° C. before heat treatment, T represents 500°
C., and T, represents 25° C.

In the determination of the dimensional change and the
weight loss as described above, all temperatures are measured
on the surface of the polyimide film.

Effect of the Invention

As described above, a heat treatment at a temperature equal
to or higher than 500° C. is required for the production of a
CIS solar cell having high conversion efficiency. Accord-
ingly, a polyimide film capable of withstanding a heat treat-
ment at such a high temperature should be used as a substrate
for a CIS solar cell. A high-quality CIS solar cell having high
conversion efficiency may be produced while preventing
cracks in a metal layer to be used as an electrode and a
semiconductor layer, and delamination of these layers from a
substrate, when using a polyimide film as a substrate which
has a dimensional change in the directions of both MD and
TD within a range of from —0.3% to +0.6%, more preferably
from —0.1% to +0.5%, based on the initial dimension at 25° C.
(before heat treatment) in the temperature-increasing step of
from 25° C. to 500° C. and the subsequent temperature-
decreasing step. A polyimide film to be used as a substrate
may preferably have a weight loss after heat treatment at 500°
C. for 20 min within a range of from 0 wt % to 1 wt %, more
preferably from O wt % to 0.5 wt %, in view of heat resistance.

There have been no polyimide films having high dimen-
sional stability during a heat treatment at a temperature equal
to or higher than 500° C. Now such a polyimide film may be
prepared by heating a polyimide film, which is prepared by
the polymerization of an aromatic tetracarboxylic acid com-
ponent and an aromatic diamine component, at a temperature
of'500° C. or higher, preferably at a temperature of from 500°
C. to 550° C., more preferably from 500° C. to 520° C.,
preferably for 30 sec to 10 min, more preferably for 1 min to
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5 min, in a substantially unstressed state, thereby reducing
heat shrinkage at a high temperature.

There are no particular restrictions to the polyimide film to
be heated, so long as it has high heat resistance and does not
or very little decompose/degrade when heated at a tempera-
ture equal to or higher than 500° C. The polyimide film may
be a polyimide film prepared from an aromatic tetracarboxy-
lic acid component comprising 3,3'.4.,4'-biphenyltetracar-
boxylic dianhydride as a main component and an aromatic
diamine component comprising p-phenylenediamine as a
main component, for example.

When a coefficient of thermal expansion of a substrate is
substantially different from those of a metal layer to be used
as an electrode (in general, Mo layer or W layer) and a
chalcopyrite semiconductor layer, a dimensional change of
the substrate is substantially different from those of the metal
layer to be used as an electrode and the semiconductor layer,
even though heat shrinkage of the substrate at a high tempera-
ture is reduced. Accordingly, a polyimide film to be used as a
substrate for a CIS solar cell may preferably have a coefficient
of thermal expansion in the directions of both MD and TD
from 25° C. to 500° C. within a range of from 1 ppm/° C.to 10
ppr/° C., more preferably from 1 ppm/° C. to 8 ppm/® C.

A polyimide which has a coefficient of thermal expansion
within the above-mentioned range and high heat resistance,
and does not or very little decompose/degrade when heated at
atemperature equal to or higher than 500° C. may be prepared
by chemical imidization from an aromatic tetracarboxylic
acid component comprising 3,3',4,4'-biphenyltetracarboxylic
dianhydride as a main component and an aromatic diamine
component comprising p-phenylenediamine as a main com-
ponent. A polyimide film which has a coefficient of thermal
expansion within the above-mentioned range may be also
prepared by thermally imidizing a self-supporting film,
which is prepared from a solution of a polyimide precursor
prepared from an aromatic tetracarboxylic acid component
comprising 3,3',4,4'-biphenyltetracarboxylic dianhydride as
a main component and an aromatic diamine component com-
prising p-phenylenediamine as a main component, after or
while stretching the self-supporting film.

As described above, according to the present invention,
curling of a polyimide film which is used as a substrate,
cracks in a metal layer to be used as an electrode and a
semiconductor layer, and delamination of these layers from
the substrate may be reduced, and mechanical properties may
not be substantially impaired even when a heat treatment at a
temperature equal to or higher than 500° C. is performed for
the production of a CIS solar cell; therefore a CIS solar cell
having high conversion efficiency may be obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram showing a first stage in an example of
the process for producing a solar cell of the present invention.

FIG. 2 is a diagram showing a second stage in the example
of'the process for producing a solar cell of the present inven-
tion.

DESCRIPTION OF EMBODIMENTS

As described above, a polyimide film to be used as a sub-
strate for a CIS solar cell may preferably have a dimensional
change from 25° C. to 500° C. within a range of from -0.3%
to +0.6% based on the initial dimension at 25° C.; a weight
loss after heat treatment at 500° C. for 20 min within a range
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of from 0 wt % to 1 wt %; and a coefficient of thermal
expansion from 25° C. to 500° C. within a range of from 1
pp/° C. to 10 ppm/°® C.

In addition, the polyimide film may preferably have a ten-
sile strength at break of 300 MPa or higher.

The polyimide film may be produced as follows. Firstly, a
polyimide precursor (polyamic acid) is synthesized by react-
ing an aromatic tetracarboxylic acid component and an aro-
matic diamine component. And then, the solution of the poly-
imide precursor thus obtained is flow-cast on a support and
heated, thereby preparing a self-supporting film of a polyim-
ide precursor solution. Subsequently, the self-supporting film
is imidized, thereby producing a polyimide film. The imidiza-
tion for the production of the polyimide film may be either
thermal imidization or chemical imidization.

For example, the polyimide film may be produced by ther-
mal imidization as follows.

Firstly, a self-supporting film of a polyimide precursor
solution is prepared. A self-supporting film of a polyimide
precursor solution may be prepared by flow-casting a solution
of a polyimide precursor in an organic solvent to give a
polyimide on a support, after adding an imidization catalyst,
an organic phosphorous compound and/or an inorganic fine
particle to the solution, if necessary, and then heating it suf-
ficiently to make it self-supporting, which means a stage
before a common curing process.

A preferable polyimide precursor may be prepared from an
aromatic tetracarboxylic dianhydride and an aromatic
diamine.

Among others, preferred is a polyimide precursor prepared
from an aromatic tetracarboxylic acid component comprising
3,3'4,4'-biphenyltetracarboxylic dianhydride (hereinafter,
sometimes abbreviated as “s-BPDA”) as a main component
and an aromatic diamine component comprising p-phe-
nylenediamine (hereinafter, sometimes abbreviated as
“PPD”) as a main component. Specifically, an aromatic tet-
racarboxylic acid component may preferably comprise 75
mol % or more, more preferably 80 mol % or more, particu-
larly preferably 90 mol % or more, further preferably 95 mol
% or more of s-BPDA. An aromatic diamine component may
preferably comprise 75 mol % or more, more preferably 80
mol % or more, particularly preferably 90 mol % or more,
further preferably 95 mol % or more of PPD.

In addition to s-BPDA and PPD, other tetracarboxylic acid
component(s) and other diamine component(s) may be used,
as long as the characteristics of the present invention would
not be impaired.

Specific examples of the aromatic tetracarboxylic acid
component to be used together with 3,3',4,4'-biphenyltetra-
carboxylic dianhydride in the present invention may include
pyromellitic dianhydride, 2,3',3,4'-biphenyltetracarboxylic
dianhydride, 3,3',4,4'-benzophenone tetracarboxylic dianhy-
dride, 2,2'3,3'-benzophenone tetracarboxylic dianhydride,
2,2-bis(3,4-dicarboxyphenyl)propane dianhydride, 2,2-bis
(2,3-dicarboxyphenyl)propane dianhydride, bis(3,4-dicar-
boxyphenyl)ether dianhydride, bis(2,3-dicarboxyphenyl)
ether dianhydride, 2,3,6,7-naphthalene tetracarboxylic
dianhydride, 1,4,5,8-naphthalene tetracarboxylic dianhy-
dride, 1,2,5,6-naphthalene tetracarboxylic dianhydride, 2,2-
bis(3,4-dicarboxyphenyl)-1,1,1,3,3,3-hexafluoropropane
dianhydride, and 2,2-bis(2,3-dicarboxyphenyl)-1,1,1,3,3,3-
hexafluoropropane dianhydride. Specific examples of the
aromatic diamine component to be used together with p-phe-
nylenediamine may include m-phenylenediamine, 2,4-di-
aminotoluene, 2,6-diaminotoluene, 4,4'-diaminodiphenyl-
methane, 4,4'-diaminodiphenyl ether, 3,4'-diaminodiphenyl
ether, 3,3'-dimethyl-4,4'-diaminobiphenyl, 2,2'-dimethyl-4,
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4'-diaminobiphenyl, 2,2'-bis(trifluoromethyl)-4,4'-diamino-
biphenyl, 4,4'-diaminobenzophenone, 3,3'-diaminoben-
zophenone, 4.4'-bis(4-aminophenyl)sulfide, 4.4'-
diaminodiphenyl sulfone, 4,4'-diaminobenzanilide, 1,4-bis
(4-aminophenoxy )benzene, 1,3-bis(4-aminophenoxy)
benzene, 1,3-bis(3-aminophenoxy)benzene, 4,4'-bis(4-
aminophenoxy)biphenyl, 4.4'-bis(3-aminophenoxy)
biphenyl, 2,2-bis(4-aminophenoxyphenyl)propane, bis[4-(4-
aminophenoxy)phenyl|sulfone,  bis[4-(3-aminophenoxy)
phenyl]sulfone, and 2,2-bis[4-(4-aminophenoxy)phenyl]
hexafluoropropane. Among others, preferred is a diamine
having one or two benzene rings.

A polyimide precursor may be synthesized by random-
polymerizing or block-polymerizing substantially equimolar
amounts of an aromatic tetracarboxylic dianhydride and an
aromatic diamine in an organic solvent. Alternatively, two or
more polyimide precursors in which either of these two com-
ponents is excessive may be prepared, and subsequently,
these polyimide precursor solutions may be combined and
then mixed under reaction conditions. The polyimide precur-
sor solution thus obtained may be used without any treatment,
or alternatively, after removing or adding a solvent, if neces-
sary, to prepare a self-supporting film.

Examples of an organic solvent for the polyimide precursor
solution include N-methyl-2-pyrrolidone, N,N-dimethylfor-
mamide, N,N-dimethylacetamide and N,N-diethylaceta-
mide. These organic solvents may be used alone or in com-
bination of two or more.

The polyimide precursor solution may contain an imidiza-
tion catalyst, an organic phosphorous-containing compound,
an inorganic fine particle, and the like, if necessary.

Examples of the imidization catalyst include substituted or
unsubstituted nitrogen-containing heterocyclic compounds,
N-oxide compounds of the nitrogen-containing heterocyclic
compounds, substituted or unsubstituted amino acid com-
pounds, hydroxyl-containing aromatic hydrocarbon com-
pounds, and aromatic heterocyclic compounds. Particularly
preferable examples of the imidization catalyst include
lower-alkyl imidazoles such as 1,2-dimethylimidazole,
N-methylimidazole, N-benzyl-2-methylimidazole, 2-meth-
ylimidazole, 2-ethyl-4-methylimidazole and 5-methylbenz-
imidazole; benzimidazoles such as N-benzyl-2-methylimida-
zole; and substituted pyridines such as isoquinoline, 3,5-
dimethylpyridine, 3,4-dimethylpyridine, 2,5-
dimethylpyridine, 2,4-dimethylpyridine  and  4-n-
propylpyridine. The amount of the imidization catalyst to be
used is preferably about 0.01 to 2 equivalents, particularly
preferably about 0.02 to 1 equivalents relative to the amount
of'an amide acid unit in a polyamide acid. When the imidiza-
tion catalyst is used, the polyimide film obtained may have
improved properties, particularly extension and edge-crack-
ing resistance.

Examples of the organic phosphorous-containing com-
pound include phosphates such as monocaproyl phosphate,
monooctyl phosphate, monolauryl phosphate, monomyristyl
phosphate, monocetyl phosphate, monostearyl phosphate,
triethyleneglycol monotridecyl ether monophosphate, tetra-
ethyleneglycol monolauryl ether monophosphate, diethylene
glycol monostearyl ether monophosphate, dicaproyl phos-
phate, dioctyl phosphate, dicapryl phosphate, dilauryl phos-
phate, dimyristyl phosphate, dicetyl phosphate, distearyl
phosphate, tetracthyleneglycol mononeopentyl ether diphos-
phate, triethylene glycol monotridecyl ether diphosphate, tet-
raethyleneglycol monolauryl ether diphosphate, and diethyl-
eneglycol monostearyl ether diphosphate; and amine salts of
these phosphates. Examples of the amine include ammonia,
monomethylamine, monoethylamine, monopropylamine,
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monobutylamine, dimethylamine, diethylamine, dipropy-
lamine, dibutylamine, trimethylamine, triethylamine, tripro-
pylamine, tributylamine, monoethanolamine, diethanola-
mine and triethanolamine.

Examples of the inorganic fine particle include particulate
inorganic oxide powders such as titanium dioxide powder,
silicon dioxide (silica) powder, magnesium oxide powder,
aluminum oxide (alumina) powder and zinc oxide powder;
particulate inorganic nitride powders such as silicon nitride
powder and titanium nitride powder; inorganic carbide pow-
ders such as silicon carbide powder; and particulate inorganic
salt powders such as calcium carbonate powder, calcium sul-
fate powder and barium sulfate powder. These inorganic fine
particles may be used in combination of two or more. These
inorganic fine particles may be homogeneously dispersed
using the known means.

A self-supporting film of a polyimide precursor solution
may be prepared by flow-casting and applying the above-
mentioned solution of a polyimide precursor in an organic
solvent, or a polyimide precursor solution composition which
is prepared by adding an imidization catalyst, an organic
phosphorous-containing compound, an inorganic fine par-
ticle, and the like to the above solution, on a support; and then
heating it to the extent that the film becomes self-supporting,
which means a stage before a common curing process, for
example, to the extent that the film may be peeled from the
support.

The content of the polyimide precursor in the polyimide
precursor solution may be preferably about 10 wt % to about
30 wt %. The polyimide precursor solution may preferably
have a polymer concentration of about 8 wt % to about 25 wt
%.

In the preparation of a self-supporting film, the heating
temperature and the heating time may be appropriately deter-
mined. For example, a film of a polyimide precursor solution,
which is flow-casted on a support, is heated at 100 to 180° C.
for about 3 to 60 min.

A substrate having a smooth surface may be suitably used
as the support. A stainless substrate or a stainless belt may be
used as the support, for example. An endless substrate such as
an endless belt may be suitably used for continuous produc-
tion.

It is preferred that a weight loss on heating of a self-
supporting film is within a range of 20 wt % to 50 wt %, and
it is further preferred that a weight loss on heating of a self-
supporting film is within a range of 20 wt % to 50 wt % and an
imidization rate of a self-supporting film is within a range of
8% to 55% for the reason that the self-supporting film has
sufficient mechanical properties; a coupling agent solution
may be more evenly and more easily applied to the surface of
the self-supporting film; and no foaming, flaws, crazes,
cracks and fissures are observed in the polyimide film
obtained after imidizing.

The weight loss on heating of a self-supporting film as
described above is calculated by the following formula from
the weight of the self-supporting film (W1) and the weight of
the film after curing (W2).

Weight loss on heating (% by weight)={(W1-W2)/
W1}x100
The imidization rate of a self-supporting film as described
above may be calculated based on the ratio of the vibration
band peak area or height measured with an IR spectrometer
(ATR) between the self-supporting film and a fully-cured
product. The vibration band peak utilized in the procedure
may be a symmetric stretching vibration band of an imide
carbonyl group and a stretching vibration band of a benzene
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ring skeleton. The imidization rate may be also determined in
accordance with the procedure described in Japanese Laid-
open Patent Publication No. 1997-316199, using a Karl Fis-
cher moisture meter.

According to the present invention, a solution containing a
surface treatment agent such as a coupling agent and a chelat-
ing agent may be applied to one side or both sides of the
self-supporting film thus obtained, if necessary.

Examples of the surface treatment agent include various
surface treatment agents that improve adhesiveness or adher-
ence, and include various coupling agents and chelating
agents such as a silane-based coupling agent, a borane-based
coupling agent, an aluminium-based coupling agent, an alu-
minium-based chelating agent, a titanate-based coupling
agent, a iron-based coupling agent, and a copper-based cou-
pling agent. When using a coupling agent such as a silane
coupling agent as a surface treatment agent, the more remark-
able effect may be achieved.

Examples of the silane-based coupling agent include
epoxysilane-based coupling agents such as y-glycidoxypro-
py!l trimethoxy silane, y-glycidoxypropyl diethoxy silane,
and B-(3,4-epoxycyclohexyl)ethyl trimethoxy silane; vinyl-
silane-based coupling agents such as vinyl trichloro silane,
vinyl tris(f-methoxy ethoxy) silane, vinyl triethoxy silane,
and vinyl trimethoxy silane; acrylsilane-based coupling
agents such as y-methacryloxypropyl trimethoxy silane; ami-
nosilane-based coupling agents such as N-f-(aminoethyl)-y-
aminopropyl trimethoxy silane, N-f3-(aminoethyl)-y-amino-
propylmethyl dimethoxy silane, y-aminopropyl triethoxy
silane, and N-phenyl-y-aminopropyl trimethoxy silane;
y-mercaptopropy! trimethoxy silane, and y-chloropropyl tri-
methoxy silane. Examples of the titanate-based coupling
agent include isopropyl triisostearoyl titanate, isopropyl
tridecyl benzenesulfonyl titanate, isopropyl tris(dioctyl pyro-
phosphate) titanate, tetraisopropyl bis(dioctyl phosphate)
titanate, tetra(2,2-diallyloxymethyl-1-butyl) bis(di-tridecyl)
phosphate titanate, bis(dioctyl pyrophosphate) oxyacetate
titanate, bis(dioctyl pyrophosphate)ethylene titanate, isopro-
py! trioctanoyl titanate, and isopropyl tricumyl phenyl titan-
ate.

The coupling agent may be preferably a silane-based cou-
pling agent, more preferably an aminosilane-based coupling
agents such as y-aminopropyl-triethoxy silane, N-f-(amino-
ethyl)-y-aminopropyl-triethoxy silane, N-(aminocarbonyl)-
y-aminopropyl triethoxy silane, N-[f-(phenylamino)-ethyl]-
y-aminopropyl triethoxy silane, N-phenyl-y-aminopropyl
triethoxy silane, and N-phenyl-y-aminopropyl trimethoxy
silane. Among them, N-phenyl-y-aminopropyl trimethoxy
silane is particularly preferred.

Examples of the solvent for the solution of a surface treat-
ment agent such as a coupling agent and a chelating agent
may include those listed as the organic solvent for the poly-
imide precursor solution (the solvent contained in the self-
supporting film). The preferable organic solvent may be a
solvent compatible with the polyimide precursor solution,
and may be the same as the organic solvent for the polyimide
precursor solution. The organic solvent may be a mixture of
two or more compounds.

The content of the surface treatment agent such as a cou-
pling agent and a chelating agent in the surface treatment
agent solution (organic solvent solution) may be preferably
0.5 wt % or more, more preferably 1 wt % to 100 wt %,
particularly preferably 3 wt % to 60 wt %, further preferably
5 wt % to 55 wt %. The content of water in the surface
treatment agent solution may be preferably 20 wt % or less,
more preferably 10 wt % or less, particularly preferably 5 wt
% orless. A solution of a surface treatment agent in an organic
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solvent may preferably have a rotational viscosity (solution
viscosity measured with a rotation viscometer at a measure-
ment temperature of 25° C.) of 0.8 to 50,000 centipoise.

A particularly preferable solution of a surface treatment
agent in an organic solvent may have a low viscosity (specifi-
cally, rotational viscosity: 0.8 to 5,000 centipoise) and com-
prise a surface treatment agent, which is homogeneously
dissolved in an amide solvent, in an amount of 0.5 wt % or
more, more preferably 1 wt % to 60 wt %, further preferably
3 wt % to 55 wt %.

The application amount of the solution containing the sur-
face treatment agent may be appropriately determined, and
may be preferably 1 g/m* to 50 g/m>, more preferably 2 g/m?
to 30 g/m®, particularly preferably 3 g/m* to 20 g/m?, for
example. The application amount of the surface treatment
agent solution to one side may be the same as, or different
from the application amount of the surface treatment agent
solution to the other side.

The solution containing the surface treatment agent may be
applied by any known method; for example, by gravure coat-
ing, spin coating, silk screen process, dip coating, spray coat-
ing, bar coating, knife coating, roll coating, blade coating, and
die coating.

According to the present invention, the self-supporting
film on which a surface treatment agent solution is applied, if
necessary, is then heated to effect imidization, thereby pro-
ducing a polyimide film.

The preferable heat treatment may be a process in which
polymer imidization and solvent evaporation/removal are
gradually conducted at about 100 to 400° C. for about 0.05 to
5 hours, particularly 0.1 to 3 hours as the first step. This heat
treatment is particularly preferably conducted stepwise, that
is, the first heat treatment at a relatively low temperature of
about 100 to 170° C. for about 0.5 to 30 min, then the second
heat treatment at a temperature of 170 to 220° C. for about 0.5
to 30 min, and then the third heat treatment at a high tempera-
ture 0of 220 to 400° C. for about 0.5 to 30 min. If necessary, the
fourth high-temperature heat treatment at a temperature of
400 to 550° C. may be conducted.

It is preferred that at least both edges of a long solidified
film in the direction perpendicular to the length direction, i.e.
in the width direction, are fixed with a pin tenter, a clip or a
frame, for example, and the solidified film is stretched and/or
shrunk in the width direction during heat treatment in a curing
oven, as necessary.

According to the present invention, in the case of thermal
imidization as described above, the self-supporting film is
stretched in the length direction and in the width direction
before or during imidizing, if necessary, so that the polyimide
film obtained has a coefficient of thermal expansion (25° C. to
500° C.) within a range of from 1 ppm/® C. to 10 ppm/°® C.
There are no particular restrictions to the stretch ratio. The
stretch ratio may be appropriately selected so as to achieve a
desired coefficient of thermal expansion. A successive biaxial
stretching may be conducted, or alternatively, a simultaneous
biaxial stretching may be conducted. The self-supporting film
may be uniaxially stretched in the length direction or in the
width direction in a case where a desired coefficient of ther-
mal expansion is achieved.

According to the present invention, a polyimide film may
be prepared by chemical imidization, or a combination of
thermal imidization and chemical imidization. When produc-
ing a polyimide film by chemical imidization, a polyimide
film having a relatively low coefficient of thermal expansion
may be obtained without stretching a self-supporting film.

The chemical imidization may be conducted according to a
known method. For example, the polyimide film may be
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produced as follows. Firstly, a polyamic acid solution, or a
polyimide precursor solution is prepared by synthesizing a
polyimide precursor in an organic solvent in the same way as
in thermal imidization. A dehydrating agent and a catalyst are
added to the polyamic acid solution. An inorganic fine par-
ticle, and the like may be added to the polyamic acid solution,
if necessary, as described in thermal imidization. And then,
the solution or solution composition is flow-cast on a suitable
support (metal belt, for example) to provide a film, and the
film is heated at a temperature equal to or lower than 200° C.,
preferably at a temperature of from 40° C. to 200° C., using a
heat source such as a hot-air blower and an infrared heater,
until the film becomes self-supporting, thereby preparing a
self-supporting film (hereinafter, also referred to as “gel
film”). Subsequently, the gel film thus obtained is heated at a
temperature equal to or higher than 300° C., preferably at a
temperature of from 300° C. to 500° C., to effect imidization,
thereby producing a polyimide film. This heat treatment may
be conducted stepwise.

Examples of the dehydrating agent include organic acid
anhydrides such as aliphatic acid anhydride, aromatic acid
anhydride, alicyclic acid anhydride, heterocyclic acid anhy-
dride, and a mixture thereof. Specific examples of the organic
acid anhydride include acetic anhydride, propionic anhy-
dride, butyric anhydride, formic anhydride, succinic anhy-
dride, maleic anhydride, phthalic anhydride, benzoic anhy-
dride, and picolinic anhydride. Among others, acetic
anhydride may be suitably used.

Examples of the catalyst include organic tertiary amines
such as aliphatic tertiary amine, aromatic tertiary amine, het-
erocyclic tertiary amine, and a mixture thereof. Specific
examples of the organic tertiary amine include trimethy-
lamine, triethylamine, dimethylaniline, pyridine, p-picoline,
isoquinoline, and quinoline. Among others, isoquinoline may
be suitably used.

The amount of the dehydrating agent to be used is prefer-
ably 0.5 mole or more per mole of amic acid bond present in
the aromatic polyamic acid contained in the solution. The
amount of the catalyst to be used is preferably 0.1 mole or
more per mole of amic acid bond present in the aromatic
polyamic acid contained in the solution.

Inthe case of chemical imidization, if necessary, a solution
containing a surface treatment agent such as a coupling agent
and a chelating agent may be applied to one side or both sides
of a self-supporting film before imidizing, as in thermal imi-
dization.

The self-supporting film may be stretched in the same way
as in thermal imidization, if necessary, so that the polyimide
film obtained has a coefficient of thermal expansion (25° C. to
500° C.) within a range of from 1 ppm/° C. to 10 ppm/° C.

According to the present invention, the polyimide film thus
obtained, which preferably has a coefficient of thermal
expansion (25° C. to 500° C.) within a range of from 1 ppm/®
C.to 10 ppm/° C., is heated at a temperature equal to or higher
than 500° C. in a substantially unstressed state. This heat
treatment enables providing a polyimide film having a
reduced dimensional change during a high-temperature heat
treatment, for example, a heat treatment at a temperature
equal to or higher than 500° C., and a reduced shrinkage
during a temperature-decreasing step, in particular. In the
heat treatment, the polyimide film may be preferably heated
at a temperature of from 500° C. to 550° C., more preferably
from 500° C. to 540° C., more preferably from 500° C. to
530° C., particularly preferably from 500° C. to 520° C., for
30 sec to 10 min, more preferably for 1 min to 5 min.

The term “in a substantially unstressed state” means that
external force (tension) is not applied to a polyimide film, for
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example, at least one edge of a polyimide film is not fixed, and
preferably both edges of a polyimide film are not fixed.

This heat treatment may be conducted immediately after
heat treatment for imidization in a successive manner. Alter-
natively, a polyimide film, which has cooled down after imi-
dizing, may be heated again.

After this heat treatment, the polyimide film may be pref-
erably cooled in a substantially unstressed state.

A polyimide film which have a dimensional change from
25° C. to 500° C. within a range of from -0.3% to +0.6%
based on the initial dimension at 25° C.; a weight loss after
heat treatment at 500° C. for 20 min within a range of from 0
wt % to 1 wt %; and a coefficient of thermal expansion from
25° C. to 500° C. within a range of from 1 ppnv/° C. to 10
ppn/° C. may be produced by the process as described above
in which a polyimide film is heated at a temperature equal to
or higher than 500° C. in a substantially unstressed state, and
preferably a polyimide film is heated at a selected tempera-
ture which is equal to or higher than 500° C. for a selected
period of time in a substantially unstressed state. When using
the polyimide film as a substrate, a CIS solar cell having high
conversion efficiency may be obtained.

Although there are no particular restrictions to the thick-
ness of the polyimide film, it may be from about 3 um to about
250 pum, preferably from about 4 um to about 150 um, more
preferably from about 5 um to about 125 pm, particularly
preferably from about 5 um to about 100 pm.

A polyimide film obtained according to the present inven-
tion has improved adhesiveness, sputtering properties (suit-
ability for sputtering), and metal vapor deposition properties
(suitability for metal vapor deposition). A metal layer (includ-
ing an alloy layer) may be formed on the polyimide film by a
metallizing method such as sputtering and metal vapor depo-
sition, to provide a metal-laminated polyimide film having
excellent adherence and sufficiently high peel strength. A
metal layer may be laminated on the polyimide film accord-
ing to a known method.

The metal layer may be, for example, a conductive layer to
be used as an electrode in a CIS solar cell, and the like.

A polyimide-metal laminate to be used for the production
of'a CIS solar cell, and the like comprises a metal layer, which
is formed on or over the polyimide film and is to be used as an
electrode. The polyimide-metal laminate may comprise, for
example, a layer containing molybdenum or tungsten to be
used as an electrode, which is formed on or over the polyim-
ide film.

The laminate of the present invention may comprise metal
layers, which are formed on both sides of the polyimide film.
In that case, one of metal layers is to be used as an electrode
in a CIS solar cell, and the other is to be used as a protective
layer formed on a back surface of a substrate. The two metal
layers may be the same, or may be different from each other,
and preferably the two layers may be the same.

In the present invention, as described later, a metal layer to
be used as an electrode may be preferably formed on the side
(Side B) of a polyimide film which was in contact with a
support when producing a self-supporting film thereof.
Accordingly, when the laminate of the present invention com-
prises a single metal layer on one side of the polyimide film,
the metal layer, which is to be used as an electrode and is
preferably a layer containing molybdenum or tungsten, more
preferably a layer containing molybdenum, may be prefer-
ably formed on the Side B.

A metal layer, preferably a metal layer containing molyb-
denum or tungsten which is to be used as an electrode, may be
formed on the polyimide film by sputtering, vapor deposition,
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and the like. The conditions for forming the metal layer may
be appropriately selected according to a known method.

A thickness of a metal layer, preferably a metal layer con-
taining molybdenum or tungsten which is to be used as an
electrode, may be appropriately selected depending on an
intended application, and may be preferably from about 50
nm to about 500 nm.

The number of metal layers may be appropriately selected
depending on an intended application, and two or more metal
layers may be formed.

The CIS solar cell of the present invention will now be
described below. The CIS solar cell of the present invention is
characterized by comprising a polyimide film as a substrate,
which has a dimensional change in the directions of both MD
and TD within a range of from -0.3% to +0.6% based on the
initial dimension at 25° C. (before heating) in the tempera-
ture-increasing step of from 25° C. to 500° C. and the subse-
quent temperature-decreasing step; and preferably has a
weight loss after heat treatment at 500° C. for 20 min within
a range of from 0 wt % to 1 wt %.

The CIS solar cell of the present invention may be pro-
duced according to any known method, for example, a
method described in Japanese Laid-open Patent Publication
No. 2003-179238. An example of the process for producing
the CIS solar cell will now be described with reference to
FIGS.1to 2.

Firstly, an electrode layer 2 is formed on a polyimide film
1 as a substrate, as illustrated in FIG. 1 (a). The electrode layer
2 is a conductive material layer, and generally a metal layer,
preferably a Mo layer. The electrode layer 2 may be formed
by sputtering or vapor deposition.

According to the present invention, the electrode layer 2
may be preferably formed on the side (Side B) of the poly-
imide film which was in contact with a support when produc-
ing a self-supporting film thereof. A CIS solar cell comprising
an electrode layer formed on the Side B may have fewer
cracks in an electrode layer and a semiconductor layer, as
compared with a CIS solar cell comprising an electrode layer
formed on the side (Side A) opposite Side B.

A ground metal layer may be formed between the polyim-
ide film 1 as a substrate and the electrode layer 2, if necessary.
The ground metal layer may be formed by a metallizing
method such as sputtering and vapor deposition, for example.

Subsequently, as illustrated in FIG. 1 (b), a protective layer
8 is formed on a back surface of the polyimide substrate 1.
The protective layer may preferably have a coefficient of
thermal expansion from 25° C. to 500° C. within a range of
from about 1 ppm/° C. to about 20 ppm/° C., particularly
preferably from about 1 ppm/® C. to about 10 ppm/° C. When
such a protective layer is formed, cracks in an electrode layer
and a semiconductor layer, and curling of a substrate may be
further reduced.

The protective layer 8 may be preferably, but not limited to,
a metal layer, particularly preferably a layer of the same
material as the electrode layer 2, i.e. a Mo layer. The protec-
tive layer 8 may be formed by sputtering or vapor deposition.

The protective layer 8 is provided when necessary. When a
polyimide film having extremely high heat resistance and
dimensional stability as described above is used as a sub-
strate, cracks in an electrode layer and a semiconductor layer
may be sufficiently reduced without forming a protective
layer.

In the present invention, the protective layer 8 may be
preferably formed after forming the electrode layer 2,
although the electrode layer 2 may be formed after forming
the protective layer 8. When the electrode layer 2 is formed
before forming the protective layer 8, in other words, when an
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earlier-formed metal layer (molybdenum layer) is used as an
electrode, cracks in an electrode layer and a semiconductor
layer may be further reduced.

As described above, the electrode layer may be preferably
formed on the Side B. Accordingly, in a process for producing
a solar cell of the present invention, it is particularly preferred
that an electrode layer is formed on the Side B of a polyimide
film, which is a substrate, and then a protective layer is formed
on the Side A of the polyimide film.

Subsequently, as illustrated in FIG. 1 (¢), a thin film 3
containing a Group IB element, a Group I1IB element and a
Group VIB element is formed on the electrode layer 2. The
thin film 3 typically consists of a Group IB element, a Group
1IIB element and a Group VIB element. The thin film 3 is
converted into a light absorbing layer of a solar cell by heat
treatment. The Group 1B element in the thin film 3 may be
preferably Cu. The Group I1IB element in the thin film 3 may
be preferably at least one selected from the group consisting
of'In and Ga. The Group VIB element in the thin film 3 may
be preferably at least one selected from the group consisting
of Se and S.

The thin film 3 may be formed by vapor deposition or
sputtering. The substrate temperature during the formation of
the thin film 3 may be within a range of from room tempera-
ture (about 20° C.) to about 400° C., for example, and is lower
than the highest temperature in the subsequent heat treatment.

The thin film 3 may be a multi-layer film comprising two or
more layers.

A layer containing a Group IA element such as Li, Na and
K, and other layers may be formed between the electrode
layer 2 and the thin film 3. Examples of the layer containing
a Group IA element include a layer of Na,S, a layer of NaF, a
layer ofNa,O,, alayer of Li,S and alayer of LiF. These layers
may be formed by vapor deposition or sputtering.

Subsequently, as illustrated in FIG. 2 (d), a semiconductor
layer (chalcopyrite semiconductor layer) 3a containing a
Group IB element, a Group IIIB element and a Group VIB
element is formed by subjecting the thin film 3 to heat treat-
ment. The semiconductor layer 3a functions as a light absorb-
ing layer of a solar cell.

The thin film may be preferably heated in a nitrogen gas
atmosphere, in an oxygen gas atmosphere, or in an argon gas
atmosphere to convert the thin film into the semiconductor
layer. The heat treatment may be also preferably performed in
an atmosphere containing at least one selected from the group
consisting of Se and S.

It is preferred that the thin film 3 is heated to a temperature
of from 500° C. to 550° C., more preferably from 500° C. to
540° C., particularly preferably from 500° C. to 520° C.,
preferably at a rate of from 10° C./sec to 50° C./sec, and
maintained at a temperature within the above-mentioned
range preferably for 10 sec to 5 min. And then, the thin film 3
is allowed to cool (cooled naturally), or alternatively, the thin
film 3 is cooled more slowly using a heater.

The heat treatment may be performed stepwise. It is pre-
ferred, for example, that the thin film 3 is heated to a tem-
perature of from 100° C. to 400° C. and maintained at a
temperature within the above-mentioned range preferably for
10 sec to 10 min, and then the thin film 3 is heated to a
temperature of from 500° C. to 550° C., more preferably from
500° C. to 540° C., particularly preferably from 500° C. to
520° C., preferably at a rate of from 10° C./sec to 50° C./sec
and maintained at a temperature within the above-mentioned
range preferably for 10 sec to 5 min. And then, the thin film 3
is allowed to cool (cooled naturally), or alternatively, the thin
film 3 is cooled more slowly using a heater.
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The semiconductor layer 3a containing a Group IB ele-
ment, a Group I1IB element and a Group VIB element, which
is to be used as a light absorbing layer, is formed as described
above. The semiconductor layer 3a thus obtained may be a
CulnSe, semiconductor layer, a Cu(In,Ga)Se, semiconductor
layer, or layers of semiconductors wherein a part of Se is
substituted with S in these semiconductors, i.e. a Culn(S,Se),
semiconductor layer, or a Cu(In,Ga)(S,Se), semiconductor
layer, for example.

Alternatively, the semiconductor layer 3a may be formed
as follows.

A thin film 3, which contains a Group IB element and a
Group I1IB element and contains no Group VIB element, is
formed on the electrode layer 2. The thin film 3 typically
consists of a Group IB element and a Group I1IB element. And
then, the thin film is heated in an atmosphere containing at
least one Group VIB element, preferably in an atmosphere
containing at least one selected from the group consisting of
Se and S, to convert the thin film into a semiconductor layer
containing a Group IB element, a Group IIIB element and a
Group VIB element. In that case, the thin film may be formed
and heated in the same way as described above.

After forming the semiconductor layer 3aq, as illustrated in
FIG. 2 (e), for example, a window layer (or a buffer layer) 4
and an upper electrode layer 5 are formed on the semicon-
ductor layer 3a, and then extraction electrodes 6, 7 are formed
according to a known method, to provide a solar cell. The
window layer 4 may be a CdS layer, a ZnO layer or a Zn(O,S)
layer, for example. Two or more layers may be formed as the
window layer. The upper electrode layer 5 may be a transpar-
ent electrode such as ITO and ZnO:Al, for example. An
anti-reflective film such as MgF, may be formed on the upper
electrode layer 5.

The configuration of each layer and the process for forming
each layer are not limited, and may be appropriately selected.

According to the present invention, a flexible polyimide
substrate is used for a CIS solar cell, and therefore a CIS solar
cell may be produced in a roll-to-roll process.

EXAMPLES

The present invention will be described in more detail
below with reference to the Examples. However, the present
invention is not limited to the following Examples.

Physical properties (dimensional change and coefficient of
thermal expansion from 25° C. to 500° C., and weight loss
after heat treatment at 500° C. for 20 min) of a polyimide film
were determined as described above. A thermo-mechanical
analyzer TMA/SS6100 made by SII Technology Inc. was
used to determine dimensional change and coefficient of ther-
mal expansion from 25° C. to 500° C. of a polyimide film.

The occurrence of cracks in a molybdenum-laminated
polyimide film was evaluated as follows.

A laminate in which molybdenum layers were formed on
both sides of a polyimide film was heated at 500° C. for 2.5
min, and then cooled to room temperature. The surface of the
molybdenum layer on the Side B of the polyimide film was
observed with an optical microscope to evaluate the presence
or absence of cracks.

Reference Example 1
Preparation of Polyamic Acid Solution
Into a polymerization tank were placed 2,470 parts by

weight of N,N-dimethylacetamide, 294.33 parts by weight of
3,3',4,4'-biphenyltetracarboxylic dianhydride (s-BPDA) and
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108.14 parts by weight of p-phenylenediamine (PPD). And
then, the resulting mixture was reacted at 30° C. for 10 hours,
to give a polyamic acid solution (polyimide precursor solu-
tion). The polyamic acid solution thus obtained had a polymer
logarithmic viscosity (measurement temperature: 30° C.;
concentration: 0.5 g/100 mL (solvent); solvent: N.N-dim-
ethylacetamide) of 2.66 and a rotational viscosity at 30° C. of
3,100 poise.

Example 1
Preparation of Polyimide Film

To the polyamic acid solution prepared in Reference
Example 1 was added 0.1 parts by weight of triethanolamine
salt of monostearyl phosphate relative to 100 parts by weight
of'the polyamic acid, and the resulting mixture was homoge-
neously mixed, to provide a polyamic acid solution compo-
sition. The polyamic acid solution composition thus obtained
had a rotational viscosity at 30° C. of 3,000 poise.

The polyamic acid solution composition was continuously
cast from a slit of'a T-die mold on a smooth supportin a drying
oven, to form a thin film on the support. The thin film was
heated at an average temperature of 141° C. for a predeter-
mined time for drying, and then peeled off from the support,
to provide a solidified film (self-supporting film).

The self-supporting film was then stretched at a stretch
ratio of 1.1 in the length direction and in the width direction.
And then, the self-supporting film was fed into a continuous
heating oven (curing oven) while fixing both edges of the film
in the width direction, and the film was heated from 150° C.
to the highest heating temperature of 480° C. in the heating
oven to effect imidization, thereby producing a long polyim-
ide film having an average thickness of 35 um. Subsequently,
the polyimide film was heated at 500° C. for 2.5 min in a state
in which both edges of the film were not fixed in the width
direction and the film was substantially unstressed (in a sub-
stantially unstressed state) in the heating oven.

(Preparation of Molybdenum-Laminated Polyimide Film)

The polyimide film was pre-treated by RF sputtering
(power: 2.0 kW/m?). Subsequently, a Mo layer with a thick-
ness of 100 nm was formed on the Side B of the polyimide
film, and then a Mo layer with a thickness of 100 nm was
formed on the Side A of the polyimide film, to provide a
molybdenum-laminated polyimide film. The Mo layers were
formed by DC sputtering on both sides of the polyimide film
under the following conditions.

(Mo Sputtering Conditions)

Power: 40 kW/m? (DC),

Sputtering gas: Ar,

Chamber pressure: 0.6 Pa,

Polyimide film width: 300 mm,

Feed speed: 0.3 m/min.

The polyimide film and the molybdenum-laminated poly-
imide film thus obtained were evaluated, and the results are
shown in Table 1.

Example 2

To the polyamic acid solution prepared in Reference
Example 1 were added 0.55 mole of acetic anhydride and 0.55
mole of isoquinoline per mole of repeating unit in the
polyamic acid, and the resulting mixture was fully stirred, to
provide a dope at about 0° C. for film formation.

The dope thus obtained was continuously flow-cast from a
T-die on a smooth metallic endless belt and dried under hot air
while rotating the belt. As for the temperature conditions
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within the belt chamber, the dope was dried at a belt tempera-
ture of 120° C. for 2 min and the temperature of the cooling
pulley was 85° C. After drying, the gel film thus obtained was
peeled off from the endless belt. The gel film had a volatile
content of 31%.

Subsequently, the gel film was heated at 200° C. for 30 sec,
and then gradually heated to a temperature of from 350° C. to
500° C. for 120 sec in total in a tenter chamber to effect
imidization. Then, the film was gradually cooled to room
temperature, to provide a polyimide film having an average
thickness of 35 pum. And then, the polyimide film thus
obtained was heated at 500° C. for 2.5 min in a state in which
the film was substantially unstressed (in a substantially
unstressed state).

A molybdenum-laminated polyimide film was produced in
the same way as in Example 1 from the polyimide film thus
obtained.

The polyimide film and the molybdenum-laminated poly-
imide film thus obtained were evaluated, and the results are
shown in Table 1.

Comparative Example 1

A polyimide film was produced in the same way as in
Example 1, except that the polyimide film was not heated in a
substantially unstressed state. Then, a molybdenum-lami-
nated polyimide film was produced in the same way as in
Example 1 from the polyimide film thus obtained.

The polyimide film and the molybdenum-laminated poly-
imide film thus obtained were evaluated, and the results are
shown in Table 1.

Comparative Example 2

A polyimide film was produced in the same way as in
Example 2, except that the polyimide film was not heated in a
substantially unstressed state. Then, a molybdenum-lami-
nated polyimide film was produced in the same way as in
Example 1 from the polyimide film thus obtained.

The polyimide film and the molybdenum-laminated poly-
imide film thus obtained were evaluated, and the results are
shown in Table 1.

Comparative Example 3

A molybdenum-laminated polyimide film was produced in
the same way as in Example 1 from a commercially available
polyimide film (APICAL® NPI from KANEKA CORPO-
RATION).

The polyimide film and the molybdenum-laminated poly-
imide film thus obtained were evaluated, and the results are
shown in Table 2.

Comparative Example 4

A molybdenum-laminated polyimide film was produced in
the same way as in Example 1 from a commercially available
polyimide film (KAPTON® EN from DU PONT-TORAY
CO., LTD.).

The polyimide film and the molybdenum-laminated poly-
imide film thus obtained were evaluated, and the results are
shown in Table 2.
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TABLE 1
Comparative Comparative
Example 1 Example 2 Example 1 Example 2
Polyimide film s-BPDA/PPD  s-BPDA/PPD s-BPDA/PPD  s-BPDA/PPD
Thermal Chemical imidization — Thermal Chemical imidization
imidization + imidization +
Stretching Stretching
Heat treatment in a Conducted Conducted Not conducted  Not conducted
substantially unstressed state
Dimensional change from
25° C. 10 500° C. (%)
Maximum (MD/TD) 0.50/0.40 0.55/0.45 0.40/0.30 0.35/0.15
Minimum (MD/TD) 0.05/0.05 0.05/0.15 -040/-030  -1.70/-0.8
Weight loss after heat 0.311 0.351 — —
treatment at 500° C. for 20
min (%)
Coefficient of thermal 9 7 7 (shrink) -16 (shrink)
expansion from 25° C. to
500° C. (ppm/° C.)
Cracks in Mo layer after heat Notobserved — Not observed Observed Observed
treatment at 500° C. for 2.5
min
TABLE 2 greater weight loss after heat treatment at 500° C. for 20 min
. . 55 thanthe polyimide films of Examples 1 and 2, which indicates
Comparative Comparative that these polyimide films were degraded greatly by high-
Example 3 Example 4
temperature heat treatment.
Polyimide film APICAL®NPI  KAPTON ® EN
Heat treatment in a Not conducted Not conducted INDUSTRIAL APPLICABILITY
substantially unstressed state
Dimensional change from 30 . . . .
25° C. to 500° C. (%) As described above, according to the present invention, a
CIS solar cell having flexibility and high conversion effi-
Maximum (MD/TD) 0.55/0.70 0.50/0.50 . b duced. usi Ivimide film havi
Minimum (MD/TD) ~0.90/-0.4 ~0.5/-0.3 ciency may be produced, using a polymude im having
Weight loss after heat 1.23 0.883 extremely high heat resistance and dimensional stability,
treatment at 500° C. for 20 35 which is capable of withstanding a heat treatment at a tem-
min (%) . . perature equal to or higher than 500° C.
S;;ﬁ;f?ggﬁ;macl © 3 (shrink) 10 {shrink) The polyimide film of the present invention may be suit-
500° C. (ppm/° C.) ' ably used in an application, other than a CIS solar cell, where
Cracks in Mo layer after heat Observed Observed the polyimide film should be heated at a high temperature,
treatment at 500° C. for 2.5 40 particularly at a temperature of 500° C. or higher.
min
REFERENCE SIGNS LIST

The polyimide films (s-BPDA/PPD) of Examples 1 and 2, o
which were prepared from 3,3',4,4'-biphenyltetracarboxylic 1: polyimide substrate
dianhydride and p-phenylenediamine, and heated at 500° C. 45 2 elf:ctrode layer
for 2.5 min in a substantially unstressed state, had a dimen- 3: thin ﬁlm
sional change from 25° C. to 500° C. within a range of from 3a: s.emlconductor layer
-0.3% 10 +0.6%, and a weight loss after heat treatment at 500° 4: window layer
C. for 20 min within a range of from 0 wt % to 1 wt %. In the S: upper ele.ctrode layer
laminates in which molybdenum layers were formed on both so 6, 7: extraction electrode
sides of these polyimide films, no cracks were observed in the 8: protective layer
molybdenum layers after the laminates were heated at 500° C.
for 2.5 min. The invention claimed is:

The polyimide films of Comparative Examples 1 and 2, 1. A process for producing a polyimide film, comprising:
which were not heated in a substantially unstressed state, had 55  providing a solution of a polyimide precursor prepared
a minimum value of a dimensional change from 25° C. to from an aromatic tetracarboxylic acid component com-
500° C. less than —0.3%. In the laminates in which molybde- prising 3,3'.4.4'-biphenyltetracarboxylic dianhydride in
num layers were formed on both sides of these polyimide an amount of 95 mol % or more and an aromatic diamine
films, cracks were observed in the molybdenum layers after component comprising p-phenylenediamine in an
the laminates were heated at 500° C. for 2.5 min. 60 amount of 95 mol % or more;

The commercially available polyimide films used in Com- flow-casting the polyimide precursor solution on a support,
parative Examples 3 and 4 had a dimensional change from followed by heating, thereby preparing a self-supporting
25°C. 10 500° C. outside a range of from —0.3% to +0.6%. In film of a polyimide precursor solution;
the laminates in which molybdenum layers were formed on imidizing the self-supporting film by heating the self-sup-
both sides of these polyimide films, cracks were observed in 65 porting film while fixing at least both edges of the self-

the molybdenum layers after the laminates were heated at
500° C. for 2.5 min. In addition, these polyimide films had a

supporting film in the width direction to complete imi-
dization, thereby preparing a polyimide film; and
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heating the polyimide film at a temperature of 500° C. or
higher in a substantially unstressed state while not fixing
one edge or both edges of the polyimide film in the width
direction, thereby preparing a polyimide film which has
a dimensional change from 25° C. to 500° C. within a
range from 0% to +0.6% based on the initial dimension
at25°C.

2. The process for producing a polyimide film according to
claim 1, wherein the polyimide film which is heated has a
coefficient of thermal expansion from 25° C. to 500° C.
within a range of from 1 ppm/° C. to 10 ppm/® C. and is
prepared by chemical imidization; or alternatively, by ther-
mal imidization after or while stretching the self-supporting
film of the polyimide precursor solution.

3. The process for producing a polyimide film according to
claim 1, wherein in the step of heating the polyimide film, the
polyimide film is heated at a temperature of from 500° C. to
550° C. for 30 sec to 10 min in a substantially unstressed state.

4. The process for producing a polyimide film according to
claim 1, wherein the resulting polyimide film has a weight
loss after heat treatment at 500° C. for 20 min within a range
of from 0 wt % to 1 wt %.

5. The process for producing a polyimide film according to
claim 1, wherein the resulting polyimide film has a coefficient
of'thermal expansion from 25° C. to 500° C. within a range of
from 1 ppm/® C. to 10 ppm/° C.

6. The process for producing a polyimide film according to
claim 1, wherein the resulting polyimide film has a thickness
within a range of from 5 pm to 100 pm.

#* #* #* #* #*
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